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EXECUTIVE SUMMARY

Function allocation is “the process of deciding how system functions
shall be implemented—by human, by equipment, or by both—and as-
signing them accordingly” (Beevis, 1992). Function allocation deci-
sions define the roles, functions, and tasks performed by human opera-
tors and maintainers. Thus, function allocation is linked to issues of
automation and personnel reduction, as well as to questions about hu-
man responsibility for the safe and effective operation of a systcm. For
these reasons, some human factors specialists argue that function allo-
cation is the most important step in human engineering. In 1992, Re-
search Study Group 14 on Analysis Techniques for Man-Machine Sys-
tem Design (RSG.14) of NATO Defence Research Group Panel 8 on
the Defence Applications of Human and Bio-Medical Sciences com-
pleted a review of human engineering analysis techniques (Beevis,
1992). Six main classes of human engineering analyses were identified
(see figure on next page). In completing its work, RSG.14 concluded
that function allocation was the weakest of thc human cngincering
techniques reviewed and recommended that a workshop be organized to
review the topic. Presentations on function allocation were solicited
from the nations that participated in RSG.14, and a workshop was or-
ganized and held on November 29-30, 1994, hosted by the TNO Human
Factors Research Institute, Soesterberg, The Netherlands.

The aim of the workshop was to review the need for function alloca-
tion, the maturity of available techniques, and the need for additional
research in the area, as well as to make recommendations to human
factors practitioners. Seventeen presentations by human factors special-
ists from academia, government, and industry, as well as by engineers
and project managers, reviewed the state of the art in function

XVii
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Executive Summary Xix

allocation. The papers, which are reported in these proceedings, address
issues of function allocation, discuss methods for evaluating function
allocation decisions, and describe state-of-the-art applications of func-
tion allocation techniques. The presentations provided the basis for
workshop discussions on areas where further research is required and on
promising approaches to function allocation that can be used by practi-
tioners.

Function allocation techniques that were revicwed included a simple
dichotomous choice between human and machine, a two-stage alloca-
tion process, iterative modification of function allocations, and reverse
engineering of operator tasks. It appeared that users compensate for the
predictive weakness of available function allocation techniques by con-
centrating on verifying the implications of the allocation decisions for
system performance or operator workload. Methods employed for this
verification include computer simulations of operator workload, human-
in-the-loop simulations, or trials using rapid prototypes or functional
mock-ups to predict human or system performance. Examples of areas
of applications that were discussed include aircraft, ships, land vehicles,
and command and control systems. Some of the applications of automa-
tion reviewed permit flexible reallocation of functions depending on the
operator’s tasks or mission events.

The workshop drew the following conclusions:

e Problems of terminology remain, particularly when human factors
specialists communicate with those in other cngineering disci-
plines.

¢ Function allocation is not an isolated activity and must bc incorpo-
rated in the dcvelopment process early enough to influence design
decisions and to permit iteration.

e No single technique is available that deals with all of the issues
involved in assigning functions to humans.

e Function allocation decisions must be validated by predictions of
operator workload or system performance and the allocation deci-
sions revised if necessary in an iterative approach.

e Littlc research activity is devoted currently to human behavior in
systems operation or to improving human factors cngineering
techniques.




XX Executive Summary

e Several important research issues relate to function allocation, in-
cluding: adaptive function allocation and the role of humans; the
validity of methods for testing the implications of function alloca-
tion; and the development of a taxonomy that relates factors affect-
ing function allocation, the problem domain, and available function
allocation techniques.

REFERENCE
Beevis, D. (Ed.). (1992). Analysis techniques for man-machine sys-

tems design (NATO Technical Report AC/243 [Panel 8] TR/7, Vols. 1
& 2). Brussels: NATO Defence Research Group.
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INTRODUCTION

D. Beevis, P. J. M. D. Essens, and H. Schuffel

Function allocation tries to balance attempts to mechanize or automate
as many system functions as possihie hy secking roles and tasks for
humans that make hest use of their capahilitics whife recognizing hu-
man limitations. Typically, deeisions ahout the roles, functions, and
tasks performed hy humans in a system are made impficitdy in the de-
sign process through the selection or development of equipment and
soltware. Whifc this approach is logical, in that mechanization is usu-
afty beneficial (Chapanis, 1970), such decisions can ignore a systcmatic
consideration of the capahilities and limitations of humans and how
these affect the performance of the system. Function allocation provides
the hasis for subsequent human factors cfforts relating to operator task
analysis and description, operator performance anafysis, dispfay and
control sefection or design, and crew-station design, development, and
cvafuation. Thus, function affocation does not stand afone, hut is one of
severaf iterative stages in the implementation of ergonomies or human
factors engineering in the design of human-machine systems (see figure
on ncxt page).

The concept of format function affocation is usuaffy attrihuted to the
suggestion hy Pauf Fitts and his cofleagues at the Ohio State Univer-
sity Rescarch Foundation that system functions coufd he assigned hy
identifying thosc arcas in which the human is superior to the machine
and vice versa (Kantowitz & Sorkin, 1987). That seminal contrihution
to the topic of Tunction affocation, comprising a chapter from a review
of human ¢nginecring lor air traffic controf (Fitts, 1951), has heen re-
produced as Appendix | to these proceedings, in order to make 1t more
accessihie to the reader. By the fate 1950s, the “Fitts List” approach ol
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fntroduction 3

comparing human and machine capahilities had been incorporated into a

number of human engineering guidefines (Javitz, 1956; Starkey, 1959,

Van Cott & Altman, 1956). It was soon recognized, however, that

lunctions should not he allocated on the hasis of a direct comparison of

human and machine capahilitics, because machines are built to com-

plement humans, not to duplicate them (Fitts, 1962; Jordan, 1963).

Since then, several dilTerent approaches have been advocated (Singleton,

1974):

e conducting a comparative assessment of human and machine per-
formance;

e performing cconomic cost comparisons of human and machine;

e designing tasks o exploit complementary human and machine
characteristics

e grading human tasks to match individual differences;

e hasing human functions on system functions and supplementing
them with machines;

e permitting humans to vary their degree ol participation in the sys-
tem through flexihle delegation of computer facifities .

Throughout the cvolution ol the approach to function allocation,
opintons have varied widefy ahout its utifity. It has been described as
“onc ol the lirst and most important problems in human-machine sys-
tems design,” but one which is not helped hy general statements abort
human and machine capahilitics (Chapanis, 1965). Function allocation
has also heen desenibed as a “fiction™ and an “artifact.” a “purcfy post-
hoc, deseriptive analysis generating lew, il any, particular resufts™
(Futd, 1993). Such criticism may he justified in some cases. Compared
with the other classes of human engineering analyses, the techniques
availahle for function allocation have not matured: most use an ordinal
level ol measurement; Tew such analyses can he related direetly o sys-
tem performance requirements; and the procedures availahle Tor quality
controf are fimited (Beevis, 1992).

At the same time, knowledge ol availahle techniques is limited be-
cause of the way function allocation is treated in the human factors lit-
crature. Kantowitz and Sorkin (1987) have suggested that designers con-
tinuce to use tahles of relative merit cither hecause they do not find
critictsms of the approach convincing, or “*hecause they are not famihar
with anything better.” Many human factors sources iflustrate onfy the




4 Improving Function Allocation

carliest approach to function allocation using a tabular comparison of
human and machine abilities (e.g., US Dept. of Defense, 1987). Few
human factors handbooks refer to the other approaches, such as the use
of orthogonal rating scales to create a two-dimensional comparison of
human and machine capabilities (Price, 1985), or a five-step process for
allocating functions that takes into account engincering constraints
(Meister, 1985).

Given the limitations of availablc techniques and the lack of coverage
of some of them in the human factors literature, it is not surprising that
surveys show a lower level of application of formal comparative func-
tion allocation techniqucs than of other human engineering techniques
such as operator task analysis (Beevis, 1987; 1992). One goal of the
workshop at which the papers in this volume were presented was to
contribute to improving the application of function allocation tech-
niques.

As discussed by Sheridan in the keynote paper in these proceedings,
the development of increasingly advanced system hardware and software
makes the allocation of functions more complex than a simple di-
chotomous choice between human and machine. The other papers cxam-
ine these problems in more detail, discuss methods for evaluating the
function allocation dccisions once they are made, and report state-of-the-
art applications of function allocation techniques.
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First, let us make some assumptions about human-machine function
allocation (where funcrion is taken here to mean essentially the same
thing as rask, though some people prefer a decomposition of mission

ALLOCATING FUNCTIONS AMONG
HUMANS AND MACHINES

T. B. Sheridan

Although automation is improving steadily, it (s difficulr to
anticipate all the problems associated with its implementa-
tion. An approach to function allocation that combines human
and machine functions seems the best solution. Several tech-
nigues used by industrial engineers are suited to the analvsis
of human and machine tasks. In a wide variery of systems, the
human tasks are associated with supervision. A number of re-
search topics can be identified with this tvpe of function allo-
cation. These topics include: questions of attention allocation
and operator workload; ways to maintain situation awareness
when the operator is not in the loop; the need for compuiers
to maintain models of the user; means of sustaining operator
trust in automation; and the appropriate architecture for the
human-machine system.

ASSUMPTIONS

into functions, and functions into tasks):

Optimal allocation of functions is casy, if one has well-defined
mathematical equations for the behavior of all human and machine
functional clements, and an objective function that includes all sa-
lient variables is also available in mathematical form. Then all one
has to do is find a simultaneous solution of these equations. This
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is essentially what all formal optimization does. Unhappily, these
equations are scldom, if ever, available.

¢  Human-machine systems (military command and control systems,
domestic transportation and traffic control systems for air, sea, rail
and highway vehicles, hospital systems, business and government
information systems, etc.) are getting steadily more complex.
(Complexity may be defined, for example, by the Kolmogorov
{1987] algorithmie information measure, the shortest possible bi-
nary string sufficient to deseribe the parts of a system plus those
sufficient to assemble the parts and perform the essential operations
of the system.) In addition to this ecomplexity is the fact that hu-
man-machine systems are getting steadily more distributed, mean-
ing that multiple, isolated agents communicate over noisy, delayed
channels to alloeate resourees held in eommon (Figure 1.1).

e There is no commonly accepted allocation methodology (and I'm
not going to propose one).
It is an accepted fact that automation is getting better all the time.
However, this means that (Kantowitz & Sorkin, 1987):

¢ The human must become a monitor of automation. However, it is
well known that the human is a poor monitor—unless aided in cer-
tain ways that are discussed below.

¢ Increased automation means increased training requirements.

¢ Newly automated systems have bugs.

¢ Failure of automation leads to loss of credibility and trust.

e Designers tend not to anticipate new problems that automation

brings with it (c.g., mode errors and feclings of alienation, both
aspects to be discussed below).

HISTORY: COMPARISONS AND TECHNIQUES

Historically, Fitts (1951) was among the first to suggest criteria for
alloeating functions among pcople and machines. My abbreviation of
Fitts' List is shown in Table 1.1.

Many others followed Fitts' lead. Meister (1971) suggested a straight-
forward procedure: write down all the mixes of allocation and write
down all the applicable criteria. Following this, one can rank-order all
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observed by
both Aand B
observed by A observed by B
/ N
¥ RN
» > .
operator computer delay and noise computer operator
A 1! A «| N communication B s B
scarce resources jointly //
allocated by A and B
Figure 1.1, Distributed decision making. (From Telerobotics, auto-

mation, and haman supervisory control [Fig. 326}, by T. Sheridan,
1992, Cambridge, MA: MIT Press; after DiCesare & Desrochers, 1991,
Copyright © 1992 by MIT Press. Reprinted with permission.)
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Tahle 1.1. Fitts’ List

People are better at:

e Dectecting small amounts of visual, auditory, or chemical
energy

¢ Perceiving patterns of light or sound

e Improvising and using flcxible procedures

e Storing information for long periods of time, and recalling
appropriatc parts

¢ Recasoning inductively

e Exereising judgment

Machines are better at:

e Responding quickly to control signals

¢ Applying grcat forcc smoothly and preciscly

e Storing information hriefly, erasing it completely
¢ Rcasoning deductively

¢ Doing many complex operations at once

comhinations of allocation mix and eriteria (how well cach allocation
meets cach criterion), thus determining a rank-order score. Alternatively,
one can weight the relative importanee of each eriterion, rate cach mix
on each eriterion and multiply hy the weight, then add up the scores for
cach allocation mix. The difficulties in any such direct methods include:
hidden assumptions, unanticipated eriteria consideratiops, noninde-
pendenee of criteria, and nonlinearities in  importance funetions
(invalidating the simple multiplication of weight X rating). Price
(1985, 1990) provides more recent reviews ol the function allocation
prohlem.

Combining automatic with human functions has seemed the ohvious
solution. After all, humans and machincs sccm complcmentary in what
cach does best. The cost of combining, of coursc, is thc overhcad of
communicating between them (in terms of the recording and the display
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and control device software and hardware to move information from one
to the other).

Analysis of a given job in terms of task and/or functional clements,
and their logical and temporal sequences, is amenable to many tech-
niques that have been used by industrial engincers for years. These go
by many names, but most fit relatively simply into several categorics:
(1) operations/tlow process diagrams, similar to the now common flow
charts of computer software, which show the sequencing of logic or
causality and also permit feedback loops; (2) body, hand, and eye
movement maps, showing what moves where in two- (or even three-)
dimensional space; (3) time lines showing which human or machine
clement performs what action at what time, where time is a vertical or
horizontal axis (time lines have difficulty with feedback loops); (4)
transition frequency/association networks and matrices (Markov mod-
els); and (5) dynamie computer simulations that play out these opera-
tions in space and time on computer-graphic screens and in some cases
cven enable the observer to “be there” through virtual reality.

The Petri net 1s a relatively new version of the first category
(operational/flow process diagrams) now used by manufacturing engi-
neers to simulate which machine is performing which function when.
Figure 1.2 shows an example.

Levis, Moray, and Hu (1994) make usc of Petri nets to model concur-
rent execution of tasks by people and machines in tcamwork operations
and to evaluate alternative organizational and communication structures.
An cxample is the control of aireraft from the time of leaving the gate
through taxi to the point of takeoft, and the reverse, including whether a
fixed alloeation of terminals and gates to each ground controller is better
or worse than a more flexible one that changes with time and tries to
balanee workload. As Levis et al. point out, however, currently avail-
able techniques do not model dynamic transitions from one allocation to
another. This is a topie of current research.

SUPERVISORY CONTROL

A recent large-scale application of task analysis was made to cvery
nuclear power plant in the United States, mandated by the government
following the accident at Three-Mile Island. What was particularly in-
teresting to the writer, who participated in many of these analyscs,
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was tbe dilliculty plant personnel had in considering at each task step
what information the operator needed and what process variable(s) had to
be controlled by what criteria. Many of the analysts could envision the
tasks only in terms of wbat display and control devices already cxisted,
so the task analysis was conceived in terms of wbat operators looked at
and what they manipulated. The analysts often seemed unahle to con-
sider wbat alternative and potentially better ways tbere migbt be to dis-
play tbhe required information and control the salient variables, wbicb ol
course 1s tbe basic purposc ol task analysis.

What has clearly been happening, cver so quictly (cynics migbt say
insidiously) is tbat computers have been insinuating tbemselves into
systems: automohiles, medical devices, industrial machinery, home
appliances, and of course military systems. In (bese systems the com-
puters perform data processing for scnsing, providing adviee (expert
systems and decision aids) and decision making, in many cases closing
control loops througb artificial sensors and actuators without any hu-
man intervention. This moves the human to a new role of being a su-
pervisor rather a direct or “inner-loop” controller. As a supervisor, be or
she operates at a higher level than in direct manual control, or in an
“outer loop.” Tbe supervisor observes computer-based displays and gets
advice in the form of integrated information rather than raw data; the
supervisor gives instructions (goals, constraints, procedures, sugges-
tions) in high-level (more human) language to a relatively intelligent
machine capable of understanding more complex strings ol if-then-clse
instructions and implementing them in the physical world. The use of
the “IMgbt management computer system” in a modern commercial
aircraft is a good example, but one can cite other examples in a varicty
of systems from hospitals to chemical plants to undersea and space ro-
hots. Sheridan (1992) provides detailed examples and theoretical discus-
sion of supervisory control.

Figure 1.3 considers systems of various levels of automation per-
forming tasks of various degrees of complexity (entropy or unpredict-
ability), and indicates how some of these are undesirable (e.g., menial
lahor, in the lower left comer) and some are currently not possible (e.g.,
ultimate robot, in the upper rigbt corner). The upper lelt and lower rigbt
corners olTer satislactory solutions. Supervisory control is seen as a
range of technology-cnahled options progressing gradually from lower
left to upper right. Several examples are given.

The roles (categories of functions) of the supervisor may be
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unpredictable [ K7
dignified \// ultimate
‘rl‘vlg""(an robot
r
present
master-slave
teleoperation
supervisory
task control
entropy /
present \?
industrial /
robots o
~
completely menial
predictable labor clockwork
fully . fully
T T degree of automation ———p automatic

Figure 1.3. Systems ol various levels ol automation performing
tasks ol various degrees ol complexity (entropy or unpredictability).
(From Telerobotics, automation, and human supervisory control [Fig.
4.1], by T. Sheridan, 1992, Cambridge, MA: MIT Press. Copyright ©
1992 by MIT Press. Reprinted with permission.)

considered to be: (1) planning, usually done off-line, with the aid of the
computer and displays in a simulation mode; (2) teaching
(programming) the computer with appropriate goals, constraints, proce-
dures, and suggestions; (3) putting the system (or parts ol the system)
into automatic mode when ready and monitoring its operation for ab-
normalities; (4) intervening in the case of perceived abnormalities to
diagnose failures, reprogram to alternate automatic control modcs, per-
Torm direet manual control, or abort the mission, as appropriate; and (5)
lcarning Irom experience, so as to improve the planning for future op-
crations. These roles are seen in Figure 1.4 1o be nested at three levels,
the monitoring taking place in a tight feedback loop, the intervention
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plan <

'

teach et

'

monitor

I
Y

intervene

I
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learn

Figure 1.4. Roles of the supervisor. (From Telerobotics, automa-
tion, and human supervisory control [Fig. 1.2], by T. Sheridan, 1992,
Cambridge, MA: MIT Press. Copyright © 1992 by MIT Press. Re-
printed with permission.)




Table 1.2. Detailed breakdown of supervisory roles

Improving Function Allocation

I
le —

SUPERVISORY STEP

. PLAN

understand
controlled process

b

satisfice objectives

[+

set general strategy

| —= 2. TEACH

decide and test
control actions

b]

decide, test, and
communicate commands

3. MONITOR AUTOMATION

acquire, calibrate, and
combine measures
of process state

b

estimate process state
from current measure
and past control actions

[4

evaluate process state:
detect and diagnose
failure or halt

4. INTERVENE

it failure: execute
planned abort —= I

b

if error benign:
act to rectify |

[#

if normal end of
task: complete l

5. LEARN

a) record immediate
events

b} analyze cumulative

experience; update model
J

ASSOCIATED
MENTAL MODEL

physical variables:
transfer relations

aspirations: preferences
and indifferences

general operating
procedures and guidelines

decision options:
state-procedure-action
implications. expected
results of control actions

command language

{symbols, syntax, semantics)

state information sources
and their relevance

expected results ot past
actions

likely modes and causes
of failure or halt

criteria and options
for abort

criteria for error and
options to rectify

options and cnteria
for task completion

immediate memory
of salient events

cumulative memory
of salient events

ASSOCIATED
COMPUTER AID

physical process
training aid

satisficing aid

procedures training
and optimization aid

procedures library,
action decision aid
(in-situ simulation)

ad for editing
commands

aid for calibration
and combination
of measures

estimation aid

detection and diagnosis
aid for failure or halt

abort execution aid

error rectification aid

normal completion
execution aid

immediate record
and memory jogger

cumulative record
and analysis

Source: From Telerobotics, auwtomation, and humnan supervisory control (Fig.
1.41), by T. Sheridan, 1992, Cambridge, MA: MIT Press. Copyright © 1992 by
MIT Press. Reprinted with permission.
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leading to reprogramming, and the learning resulting in improved plan-
ning. Table 1.2 breaks these functions into greater detail.

In Table 1.3, a ten-point scale of degrees of computer involvement is
presented, as proposcd by Sheridan and Verplank (1978). From eonsider-
ing this scale, it is clear that the amount of automation raises some
serious questions.

CURRENT POPULAR RESEARCH TOPICS
THAT IMPACT FUNCTION ALLOCATION

The following arc some popular topics that seem particularly closely
related to human-machine function allocation.

ATTENTION ALLOCATION AND
MENTAL WORKLOAD

Mental workload has becn a popular topic for more than a decade, but
the interest today is largely in the problem of workload transicnts (Hucy

Table 1.3. Scale of degrees of computer aiding

1t is possible for system hardware and/or software to provide any of the options
shown below (ANDed or ORed as noted):

I.  Offer no assistance 1o the operator.

2. Offer a complete set of alternatives to the operator, AND

3 narrow the set of alternatives to a restricted set, OR

4 suggest one of the alternatives, AND

) execute the suggestion if the human approves, OR

6 allow the human to veto the suggestion before automatic exccution, OR

il inform the human after exccution, OR

8 inform the human after execution, if asked, OR

9 inform the human after exccution, if the hardware and software decide to.
10. Decide everything without communication to the human

Source: After Sheridan (1992).
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& Wickens, 1993). Workload transients occur when automatic or semi-
automatic systems go awry or fail to control unexpected events, and the
human monitor or supervisor has a difficult time diagnosing the prob-
lem and taking proper action. In such cases, the workload changes sud-
denly from very low to very high. Measurement of these transients is
particularly difficult, because most physiological and secondary-task
techniques require sampling over a time period of minutes. Subjective
scaling also becomes awkward when things are changing rapidly.

The need is to smooth out the pace by anticipating times of high
workload and getting things set up early, for example, in gctting ready
for let-down and approach in landing an aircraft. Pilots call it “keeping
ahead of the airplane.” In emergencies, nuclear power plant opcrators
takc actions just to buy time and allow themselves a longer period to
perform diagnoses and insure that their response is appropriate.

Tulga (Tulga & Sheridan, 1980) simulated and modeled such a situa-
tion with a paradigm similar to that shown in Figure 1.5, where ran-
dom blocks (represcnting tasks) appeared on a computer screen at differ-
ent distances from a vertical “deadline” on the right and moved at
constant velocity toward it. The duration of the task was the block's
width; its rclative importance, the reward per unit time for doing it (by
various means such as holding a cursor on it), was the block's height.
Tulga found that subjects in this task were objective and even near to
optimal in their attention and effort allocation—up to a point of high
workload. Then they simply paid attention to what was nearest to the
deadline, regardless of relative importance.

A related problem of particular interest is the nesting of stimulus and
required response, where first notice of a required action, say A, is
shortly followed by notice of required action B, where the deadline for B
cones sooner than that for A. If the operator is not sufficiently re-
minded of A, the result is often that B is taken care of, but A is forgot-
ten. Such nesting can sometimes bc several layers deep, with disastrous
results.

SITUATION AWARENESS

There is currently great interest in “‘situation awareness,” the ability
of the operator to keep track of many things at once, to integrate them,
and to diagnose whcen events are turning abnormal or threatening. It is a
problem exacerbated by automation, though possibly a problem that
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can be helped by computers—in the form of “expert systems,” decision
aids, and reminders—to direet the operator's attention while monitoring.
Failure to remain situationally aware has resulted in many kinds of er-
rors, most salient among them mode errors, where operators forget what
mode some automatic system has been placed into. In a well-known
Airbus accident near Strasbourg, the pilot interpreted numbers on the
computer display to mean one thing when they mecant something en-
tirely different; the pilot had forgotten the mode into which he had set
the aircraft.

Experience in any type of human task results in behavior that be-
comes automatic and that does not require as much conscious delibera-
tion as during initial learning. One might conclude that this gives the
operator more time to scan and be aware of the surrounding situation,
hut by the same token such “downloading” of task elements and lowered
self-consciousness can result in situation unawarencss.

HUMANS’ AND COMPUTERS’ RUNNING MODELS
OF EACH OTHER

Mental models have been a popular topic in cognitive psychology for
a decade. The term mental model usually means some mental represen-
tation of objeets in the external world associated with a task that can be
run dynamically to predict what will happen if current conditions are
extrapolated, or what would happen if eertain hypothetical changes took
place. There have been complaints that, while hardware—for example,
the trajectory of an observed vchicle—is relatively transparent, the fu-
ture action of a computer is not—the computer is a black box, and not
transparent. For this reason, some have suggested that it is important
that the computer inform its human operators about what it understands
and what it therefore intends to do.

While the need for human communication with and modelling of the
computer seems obvious, the need for the computer (o have some repre-
sentation or model of the human appears less obvious. However, were
the computer ahle unohtrusively to find out and keep track of the opera-
tor's intentions, preferences, training, stress, and physical lmitations,
especially in times of the human’s absence or illness, it might be ahle
to make more intelligent decisions, much as would a human collecaguc.
Figure 1.6 suggests the notion that the human and the computer keep
running modecls of one another.



13110 Y23 JO S[apoul daey sautyoew pue ajdoaq ‘9’| 3inSig

L ]

O
&)
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ALIENATION FROM COMPUTERS
AND AUTOMATION

Computers make problems lor human operators not only lTunctionally
but in other ways as wcll, particularly when introduced abruptly and
when the operator has little say in how and why the change occurred.
Problems include: isolation from social contact, worry about employ-
ment, loss of skill and the associated dignity, intimidation ol “hig
brothcr watching,” fcclings of ignorance and helplessness, reduced trust
in the situation, and reduced sense of responsibility—all ol which
clearly diminish the ability to function. Any of these factors, particu-
larly loss of trust, can reduce the operator's willingness to make usc of
computcr-based scnsing, advising, and automation modcs that rationally
could be to great advantage (Moray & Lee, 1990).

CANONICAL THEORIES OF MANAGEMENT
APPLIED TO TEAMS

Allocating functions among the members of a tcam is a form of
managcment (whether hidden in the system design or not), and so it is
important to be aware of the various theorics of management. An carlicr
view, variously referred to as “scientilic managecment” or “theory X,”
was attributed to F. L. Taylor. Now dcfinitcly out of favor among in-
dustrial engineers, it considered the human to be a machinc and sought
to define and measure performance quantitatively. Of course, that is
preciscly what the human-machine systems approach seeks to do, but
perhaps with somc better apprcciation of the humanistic character of the
worker or operator.

Another theory, attributed to A. Maslow and F. Hcrtzberg and called
“theory Y,” begins from the assumption that any worker works for per-
sonal rewards and satisfaction, and that good management amounts to
cnahling and empowering workers, and motivating them to develop
individual initiative and potential. A scicentilic function allocation has a
somewhat more dillTicult time with this perspective and may merely
regard it as unrelated or irrelevant, possibly Icading to job allocations
that scem rationally correct hut are not satisfying and rewarding to the
workers, with unhappy results.

The more recently popular “theory Z,” attributed to W. Ouchi and E.
Deming, calls for development of consensus—including function



|

Allocating Functions Among Humans and Machines 23

machine _| human
m h

|

Series —

P (series combination succeeds) =
P (both m and h succeed) =

[1-P(m)je[1- P(h)) if h failure independent of m,

[1- P(m)]J*{1- P(h|m succeeds)] if h failure dependent on m

machine
Parallel

human
P(parailel combination succeeds) =
P(either or both m or h succeed) =
1- P(both m and h fail) =
1 - P(m)*P(h) if h failure independent of m,
1- P(m)eP(h|m fails) if h failure dependent on m

Figure 1.7. Reliability of functional elements in series and in paral-
lel, where P(x) = P(x fails).
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allocation and reallocation—through shared goals and values, quality
circles, and “total quality management.” This approach militates against
designing rigid systems by a priori function allocation and favors allow-
ing cnough flexibility so that allocation can always be refined by con-
tinued operator participation in problem solving and process improve-
ment.

HUMAN-MACHINE SYSTEM ARCHITECTURES

With consideration of all of the above factors, the system engincer
must return to the problem of architecture for the human-machine sys-
tem, the question of how all the elements fit together and perform, and
the implications of different function allocations for system perform-
ance.

Here, finally, we must decide whether, and for which functions, hu-
man and machine coopcrate by “trading” or by “sharing.” In trading
back and forth, the human acts and then the machine acts. In sharing,
the human and the machine work in parallel; either both redundantly
perform the same job and these rcsults are later compared as a check, or
cach does part of the job and the pieces are brought together in hopes
they will fit. The reliability analyst sees these alternatives in terms of
whether the clements, be they human or machine, operate in series or in
parallel, and what the reliability implications are (Figure 1.7). Perhaps
the simplest notion is that various intelligent (human or computer-
based automatic) agents are given freedom to perform their assigned
functions as they will, and only when their behaviors conflict doces the
supervisor step in, inhibit one (or more as necessary) and enable the
others to go ahead. This approach, called by Brooks (1986) a “sub-
sumption architecture,” was shown by him to work for simple robots,
but 1t broke down for systems faced with more sophisticated problems.

Ultimately, the function analyst must face the question of which has
authority under what circumstances, human or machine. It is comfort-
ing for us to assert that the human always has final authority, but, at
the same time, we readily submit to getting into clevators and pushing
their buttons, thus turning authority over to those machines, or spend-
ing the night in high-rise hotels, trusting completely to the premise
that strong winds won't blow them over. Figure 1.8 suggests some
categories of programmed ultimate authority as a function of level of
abnormality.
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WHY FUNCTION ALLOCATION
AND WHY NOW?

J. R. Bost and F. R. Oberman

Funcrion allocation is necessary to optimize the use of hu-
man, hardware, and/or software capabilities in advanced
systems. A variety of methods have been developed for func-
tion allocation, each responding to the constraints of other
methods. At the same time, developments in automation are
causing ever more functions to be allocated to machines. This
can provide significant cost benefits in systems such as ships,
where major reductions can be made in personnel levels and,
in some cases, in human errors. However, the trend to in-
creased automation poses several questions for which re-
search Is needed, including: user trust in highly automated
systems; the role of the human in future systems; dynamic
Sfunction allocation; and the relationship between the com-
puter and the human. Current approaches to systems engi-
neering do not emphasize function allocation to personnel
and/or hardware or software, but, rather, concentrate on
subfunction assignment. It is suggested that a function alloca-
tion approach could be included as part of a situational as-
sessment management process, which may include group
problem solving, for formulating solutions to complex prob-
lems.

INTRODUCTION

Function allocation is the first systems engineering process that od-
dresses functions in terms of personnel. A comprehensive and measur-
able function allocation process is needed now to ensure optimal use of
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Table 2.1. Common form of Fitts' List

PEOPLE EXCEL IN

MACHINES EXCEL IN

Detection of certain forms
of very low energy levels

Monitoring (both human
and machines)

Sensitivity to an extremely wide
variety of stimuli

Performing routine, repetitive, or
very precise operations

Perceiving patterns and making
generalizations about them

Responding very quickly to con-
trol signals

Ability to store large amounts of
information for long periods, and
recall relevant facts at appropriate
moments

Storing and recalling large
amounts of information in short
time periods

Ability to exercise judgment
where events cannot be com-
pletely predicted

Performing complex and rapid
computation with high accuracy

Improving and adopting flexible
procedures

Sensitivity to stimuli beyond the
range of human sensitivity
(infrared, radio waves, etc.)

Ability to react to unexpected
low-probability events

Doing many different things at
one time

Applying originality in solving
problems: i.e., alternative solu-
tions

Exerting large amounts of force
smoothly and precisely

Ability to profit from experience
and alter course of action

Insensitivity to extraneous fac-
tors

Ability to perform fine manipu-
lation, especially where mis-
alignment appears unexpectedly

Ability to repeat operations very
rapidly, continuously, and pre-
cisely the same way over a long
period

Ability to continue to perform
when overloaded

Operating in environments
which are hostile to humans or
beyond human tolerance

Ability to reason inductively

Deductive processes

Source: US Department of Defense (1987).
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advanced automation technology and an optimal role for the human in
future systems.

Criteria for formal function allocation were initially developed hy
Paul Fitts at Ohio State University in 1951. The original Fitts' List
compared the capabilities of human and machine. Fitts' view was that,
hy applying these criteria, an optimum allocation of functions between
humans and machines could he achieved.

As shown in the figure in the Exceutive Summary, these human-
machine allocations provide the haseline for suhsequent efforts relating
to controldisplay task requirements, workplace configuration require-
ments, workload requircments, and workstation design and development.
In additon, function allocation dictates crew workload and the role of
the human, thereby significantly defining human resource levels, train-
ing, and procedure requirements (Bost, Miller, & Finncy, 1986).

A common form of the Fitts' List used by the US Department of
Defense (1987) is shown in Tahle 2.1. This format again emphasized
direct comparison of capabilities, which were then applied sequentially
against defined system funetions. Other versions of Fitts' List not only
compare the capabilities of humans and machines hut also the limita-
tions of humans and machines.

ISSUES AND ALTERNATIVES

Function allocation eriteria have continued to he developed and im-
proved in response to problems with (1) sequential dichotomous appli-
cations of Fitts' lists (or the sequential sclection of human or machine
based on single capahilities or limitations); (2) assessments of human
or machine; (3) the qualitative nature of assignments; and (4) political,
managerial, linancial, and performance constraints. The problem of sc-
quential dichotomous application has heen addressed hy Price (1985),
who proposed six different categories or regions of human-machine per-
formance as shown in Figure 2.1.

The problem of human or computer allocation has been addressed by
Sheridan (Tahle 1.3). More recently, Malone, Baker, and Oberman
(1992) dealt with this issue hy restating the allocation process to define
the role of the human in using the system. This approach could be ex-
tended to define the role of the human in the design of the system. The
qualitative nature of assignments and the need for more sophisticated
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criteria have heen addressed hy Beevis (1992) and by Sheridan (1994).

Kantowitz and Sorkin (1987) developed a balanced approach to deal
with political and managerial constraints, as well as performance con-
straints. Meister (1985) has also developed a five-stage balanced ap-
proach, as shown in Figure 2.2.

Another view ol function allocation is lTound in the approaches enu-
mcerated hy R. W. Bailey (1982). Bailey categorizes three approaches to
function allocation:

e acomparison ol the relative capabilities ol humans and machines;

e the automation ol as many functions as technology permits, with
only the leftover functions being assigned to the human operator;

e the use of economic allocation methods to emphasize cost con-
straints as a basis Tor the allocation.

The future of Tunction allocation probably will bhe oriented toward a
synthesis ol the balanced approach and Bailey's three approaches, and in
fact there can be synergistic benefits generated by these multiple objec-
tive approaches. The hest alternative as determined [rom a traditional
comparison may also produce the best cconomic henelits. One approach
to c¢nsuring that function allocation is performed in a logical manner
and produces the best cconomic benefit (long-term and short-term bene-
fits should be determined separately) is to do a sequential function allo-
cation study; Tirst a traditional study is performed, then an economic
study comparing drivers and benelits is conducted using a  deci-
sion/sensitivity analysis process.

COST BENEFITS

The explosion ol information is leading toward the allocation of more
Tunctions to automation. The automation of functions will produce two
major cost henefits: the reduction of direct personnel and personnel sup-
port costs, and the potential reduction ol human error. Enormous sav-
ings potentially can be achicved in the arca ol personnel reduction.
Within the US Navy, personnel costs are up to 50 percent ol life-cycle
costs, depending on the class ol ship involved. Bost, Mellis, and Dent
(1994) believe that cultural changes in the way we design, acquire, and
operate ships will he needed to hring ahout revolutionary reduction in
ship personnel levels. More logical, cost-clTective Tunction allocation
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tools are required to engineer the savings from personnel reductions. A
key factor in this process is the recognition of the enormous cost of
keeping personnel aboard the ship and the importance of upgrading sys-
tem automation and reliability in order to keep pace with and use ad-
vanced technology. Personnel costs in the US Navy also have a ship
acquisition cost component, since every person aboard ship requires an
associated supportability component of 3-5 tons of ship displacement.

Another significant cost-reduction factor in automating functions is
in the reduction of human error, since over 50 percent of mishaps are
now classified as due to human error.

DEGREE OF TRUST IN AUTOMATION

One of the key cultural changes that will have to take place to secure
the personnel and accident-reduction benefits associated with automation
is a change in policies, procedures, doctrine, and perceptions with re-
spect to trusting in automation. A first step is to produce automated
equipment of sufficient reliability to engender trust on the part of the
user. One discussion session at the First Automation Technology and
Human Performance Conference produced an interesting analogy: in the
movie Star Trek—The Next Generation, the android DATA is both
perceived and treated as a member of the crew. That type of perceptual
change must occur with respect to automated verses manual functions;
that is, there must be enough trust in the built-in reliability and per-
formance of the automatic system to allow it to perform ship opera-
tions and missions. This will have profound and significant changes on
doctrine and procedures, on the role of the human, and on the redefini-
tion of responsibility.

On the other hand, humans must not become so complacent in using
automation that normal monitoring does not take place. The recent
Aeroflot Airbus crash in which the pilot, who was found in the passen-
ger compartment, left his son (who managed to disengage the autopilot)
in the cockpit, is an example of poor judgement engendered by compla-
cency with respect to the automatic pilot.

The answer is that the general situation should determine the degree
of automation; for example, chemical process control already has high
degrees of automation. Yet in cases that are not time dependent, the
human will still play the major role of decision maker/monitor.
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AUTOMATION TODAY

One of the reasons automation is able to provide these cost benefits
is the current state of the art and expected near-future development in
this technology. Automation has advanced a long way since Fitts' ini-
tial concept was developed—a PC is now more powerful and faster than
a main frame in 1951. Not only has the technology changed to allow
the implementation of reduced-manning concepts that were only advo-
cated in the 1950s and 1960s, but a new generation of computer-literate
personnel will very shortly be available to implement the decisions and
actions of the future. They will think in terms of the computer to ac-
complish these ends.

Not only has automation technology enhanced the speed and perform-
ance of functions, it has also provided the same benefits to the devel-
opment of human factors tools, including those used for function allo-
cation. Tools have been developed for performing function allocation
for total system design and for system reengineering (Malone, 1992;
Chap. 13 by Swartz & Wallace in this volume). The capability to carry
out computer-assisted function allocation can now enable this human-
system engineering process to be performed and the results of the analy-
ses used within the time constraints of project design phases. Moreover,
when function allocation is performed in the conceptual phases of ac-
quisition, data storage by electronic means, such as on CD-ROM, al-
lows the iterative updating of information to proceed in a cost-effective,
timely manner,

FUTURE RESEARCH QUESTIONS

There are questions that come with the opportunities which will be
available in implementing the function allocation methodologies of the
future. Among the most important questions are:

e Should areview of earlier versions of Fitts' lists be undertaken to
ensure that new technology has not aitered the original compari-
sons?

e  What is the role of humans to be in future systems? Is the human
only to be a system monitor, while machines perform most func-
tions? If so, how and by what criteria do humans override computer
operations?
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e How does the human decide when there is an automation malfunc-
tion? How will we ensure that systems will give the human opera-
tor adequate time both to perceive a malfunction and to initiate cor-
rective action?

e If a human is in control, should the decision as to when to shift to
automatic control be standardized in doctrine or left open to indi-
vidual judgement? What should be provided in the way of decision
aids? Should we ever let the system be involuntarily taken over by
automation? What would be the criteria for allowing automation to
take control? Should the operator be notified when automation has
taken control?

¢ Function allocation will become more dependent on expert
(opinion) systems in the future. What studies are now taking place
with respect to validation and evaluation of results? What criteria
have been established to determine the value of proposed function
allocation tools? Has a consideration of return on investment been
factored into current tool development?

e  There are cultural differences in how automation is currently ap-
plied (Tefler, 1994). The European A320/340 Airbus is flown with
different degrees of manual and automatic control, depending on the
country and airline operating it. Are cultural differences and diver-
sity useful or should the degree of automation and the decision on
when to use it be controlled or standardized?

e How should the problem of keeping controllers/decision makers
proficient in manual (backup) operations be handled?

¢  Should automatic systems take over from a human operator in pe-
riods of high workload? (This assumes workload sensors will be re-
quired.) When should control be transferred back? Should this be a
human decision or should it be performed automatically? Should
dynamic task automation (Hilburn et al., 1994) be considered?

e  What status information should be displayed and how should it be
displayed? Should it be under human control or should some status
information be displayed automatically? If it is displayed automati-
cally, what should be displayed and when should it be displayed?

¢ For some new display systems, new cognitive skills and cognitive
pathways are required. What is being done to ensure that overall
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human-machine operational processing is improved with respect to
accuracy and time?

e How do we evaluate alternatives? What criteria should be used? Can
these criteria be further used to generate deterministic and/or prob-
abilistic performance parameters? Can we now evaluate overall reli-
ability of the human-machine system by using decision analysis
and sensitivity analyses?

SYSTEMS ENGINEERING CONCERNS

Although universities include human factors as an essential compo-
nent of systems engineering and include function allocation as a funda-
mental analytical process, this view of function allocation has nor been
incorporated in recent proposed revisions to the US military standard
MIL-STD-499B, Systems Engineering (US Dept. of Defense, 1994).
There seems to be confusion between the two analytical processes of
requirements allocation, which matches requirements against functions,
and function allocation, which matches functions against human-
machine capabilities and limitations. Because of this confusion, no
attention has been given to human-machine comparisons. The need for
human-machine analysis must be reiterated in this primary systems
engineering document.

FINAL PARADIGM—SITUATIONAL MANAGEMENT

There has been much discussion of situation awareness with respect
to decision making and control. What is really needed is to manage de-
cision making and control with respect to two variables: available time
and problem complexity. Moreover, problem solving should not only
involve human and computer, it should also involve humans and com-
puters. This gives the added benefit of group participation in complex
problem solving, a benefit that has been documented since the 1960s
(Oberman, 1964) and is a recurrent theme in aircraft and commercial
ship management today (Foushee & Helmreich, 1988). A general view
of situational decision management (SDM) is shown in Figure 2.3.
Figure 2.4 presents an example of situational assessment. This man-
agement model emphasizes the ultimate decision making, by humans
and computers, to be used when appropriate and still considers the
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paramount constraint of time as an overriding factor. Figurc 2.4 shows
a recommended approach based on relevant rescarch. It is, in effect, a
decision aid. In this model, time is the first decision point. II time is
short (critical), then action should be allocated to the preprogrammed
computer (automation). If an intermediate time exists, the manager
should initiate the action to be taken (which can inelude activating a
computer response). If the time available for the decision is long, then
the decision manager should first assess whether the problem is simple
or complex. If the problem is simple, then the manager should initiate
the action to be taken (which again can include activating a computer
response). If the problem is complex, the manager should discuss and
evaluate solutions with an appropriately chosen problem-solving group
or team and then initiate actions to be taken by individual members of
the group and/or software.

SUMMARY
WHY DO FUNCTION ALLOCATION?

We need to do function allocation in order to maintain logical and
rational control of the human-computer process. We need to do function
allocation to ensure that the role of the human in future systems is well
defined and well understood. We need to do function allocation to pro-
vide the cost benefits of rational automation processes.

WHY NOW?

We need to do and improve funetion allocation now because we are at
a technologieal erossroads engendered by the capabilities of software to
reliably take over processes previously performed by humans. We need
to do and improve automated function allocation processes now in order
to be a part of this automation and information revolution. We need to
make sure that function allocation is understood and set forth as part of
systems engincering in key military and eommereial standards because
systems engineering is and will be a major controller of how future
automation is performed. Human systems engineering must remain a
major player in the systems engineering process.
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FUNCTION ALLOCATION AND MANPRINT'
M. K. Goom

The Manpower and Personnel Integration (MANPRINT) pro-
gram provides a framework for applying function allocation
in the development of modern defense systems. Within the
MANPRINT framework, the contractor's task is to determine
which of the feasible design solutions best matches the skills,
abilities, aptitudes, knowledge, etc., of the users. Experience
in formulating a practical approach to MANPRINT suggests
several guidelines for function allocation. Function alloca-
tion is found 1o apply throughout the development cycle
rather than as a clearly identifiable event. The human char-
acteristics that are normally cited in illustrations of function
allocation in human factors texts are usually so general that
they do not help in a practical way. It is often very detailed
information on the user's capability and existing knowledge
base that will determine if the task would be berter handled
by human or by machine. The allocation of functions on the
basis of job design and resulting workload appears to be more
appropriate. Workload prediction tools that can be used
early and quickly are required. A short-term aim has been to
develop a register to capture the factors and the thinking that
goes into allocating tasks to either human or machine. A long-
term aim is to produce a task database that carries informa-
tion on learning difficulty, retention times, etc., with links 1o
specific user populations.

'Copyright British Aerospace. plc. Reprinted with permission.
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INTRODUCTION

This paper seeks to link the function allocation process to some of the
lessons that have been learned during the development of the
MANPRINT (Manpower and Personnel Integration) program within the
Dynamics Division of British Aerospace.

Function allocation has been identified as the weakest technology in
the process of integrating users into defense systems. This paper at-
tempts to show that, in the real world, function allocation (and
MANPRINT) takes place throughout system development; it does not
exist as a discrete entity and, because of this pervasive nature, does not
attract the attention it should from system designers. Many of the prac-
tical considerations relate to the constraints on time and funding that
often accompany the commercial development of a defense system.
These constraints cause a focusing of effort on those aspects that can be
shown to have a cost benefit, are likely to produce results in the correct
time frame, and, most importantly, can be defined clearly enough to
appear in a work breakdown structure (WBS). An additional practical
consideration is the problem of obtaining an adequate definition of the
end users from the customer.

The traditional Fiuts' List approach to function allocation taught in
many human factors courses is hardly sufficient for complex weapon
systems. Ergonomists must recognize these practical difficulties and
devise methods that are relevant to modemn needs and can be applied
throughout the development process. MANPRINT has the same aims
as function allocation in that it seeks to recognize the characteristics and
capabilities of the constituent components of the system. MAN-
PRINT's strength is the concern it focuses on the detail of the end user.
The practical methodology British Aerospace has produced in response
to the MANPRINT requirement provides useful indicators for the func-
tion allocation activity.

This paper does not cover the very interesting and important areas of
allocation between teams of individuals and machines (Stammers &
Hallam, 1985). In the next section, the MANPRINT program is briefly
described to identify the contractor's tasks within system development.
This section also discusses where the allocation activities occur within
the system design life cycle. The third section examines the commercial
constraints on projects that may compromise the optimal allocation of
functions among hardware, software, and the users. The difficulty that
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many system developers have in separating mission analysis, functional
analysis, and task analysis is considered in the fourth seetion. This un-
certainty with terminology only increases the problem of applying
function allocation. The fifth section considers the allocation process
itself, examines where the weaknesses of the traditional methods occur,
and describes a possible approach that has resulted from producing a
practical MANPRINT implementation. The use of adaptive or dynamic
function allocation and some of the benefits and concerns are briefly
examined in the sixth section. The seventh section contains the author's
suggestions for next steps to improve the allocation of functions during
practical system development. Finally, the last section draws some eon-
clusions as to why function allocation is diffieult to identify in a practi-
cal development project and suggests possible ways it eould be made
more efficient.

THE MANPRINT PROGRAM

MANPRINT is an acronym for manpower and personnel integration
(Booher, 1990). Essentially, it mcans ensuring that the design is opti-
mized for the people who will have to operate, maintain, and support
the hardware and software portions of the system. MANPRINT or hu-
man-systems integration or human factors integration program or live-
ware are about designing for the true end users. For these reasons, the
allocation of functions and tasks to either human or equipment is at the
very core of MANPRINT.

THE HISTORICAL REASONS FOR MANPRINT

The US MANPRINT program came into being during the ecarly
1980s. It was born out of a realization that many of the high-tech sys-
tems that were being delivered were not performing as designed. The
development emphasis had been on the technology, with the implicit
assumption that suitable people could be recruited or trained, which
turned out not to be truc.

Complex systems were supposedly simplified by the use of automa-
tion. Those functions that could easily be automated became the prov-
ince of the machine, with little thought that the remaining functions did
not constitute logieal “jobs” for the users. Indiscriminate automation
often masks thc underlying structurc of the system from the users, caus-
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ing learning difficulties and poor performance. Function allocation had
usually been applied, but in a mechanistic way, with the allocation
being based on isolated tasks.

WHO IS THE USER?

The cost of adapting users to the system through training is usually
far greater than the cost of changing hardware and software during the
early stages of system development. MANPRINT recognizes this via
the Target Audience Description (TAD). To ensure usability, it is im-
portant to understand and quantify those capabilities and characteristics
of the user that are going to impact total system performance.

Knowing that the user is a human being is not really sufficient. The
characteristics that must be known to guide successful system develop-
ment include: aptitude for various tasks, existing knowledge, organiza-
tional structure, etc. Where real defense systems are concerned, it is
often very detailed information on the user's capability and existing
knowledge base that will determine if the task would be better handled
by human or machine. The characteristics that are normally cited in
illustrations of function allocation in human factors texts are usually so
general that they could not help in a practical way. Also, most of the
cxamples of allocation have centered around the pilot's cockpit and air
traffic controller's workstations. From a MANPRINT standpoint, the
user variability to be accommodated in the design of such systems is
small compared with that which may be required for an infantry com-
mand system to be exported throughout the world. It is interesting to
note that both of the former user groups are subject to very stringent
selection criteria.

WHAT IS THE USER'S JOB?

One of the principal lessons that has emerged from the application of
MANPRINT has been the need to identify the jobs of the users. This
must include all the component tasks that the users will have to under-
take, not merely on the system under development, but also on other
systems that they will be required to operate, as well as tasks that
originate from their day-to-day military duties. In many cases, the allo-
cation of system tasks to human or machine is governed by the task
(and work) loading imposed by activities outside the immediate system.
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Mecchanisms are having to be Tound that can identify and communicate
these outside tasks to the system developers in industry in a meaningful
way.

WHAT IS THE CONTRACTOR’S TASK?

The contractor's task (Figure 3.1) consists, first, of analyzing the
customer's requirement and translating it into a mission analysis and a
description of the users that the customer will have available. The latter
is referred to as the Target Audience Description (or TAD). The contrac-
tor's task then consists of generating options that can match the mis-
sion requirements and analyzing the tasks that those options entail. The
contractor's MANPRINT task is to determine which of the Ieasible so-
lutions best matches the skills, abilities, aptitudes, knowledge, etc.,
that the target audience possesses. It is during this malching that the
allocation process is used to balance the tasks within cach option be-
tween human and machine.

TIMETABLE FOR MANPRINT (FUNCTION ALLOCATION)

When MANPRINT was [irst introduced to British Acrospace, many
people expeeted to be able to pick up a MANPRINT package and apply
it once they had designed their system. This was the way human aspeets
such as training had been handled in the past. A major part ol imple-
menting MANPRINT within industry has been explaining to system
developers that MANPRINT needs to be applied throughout the whole
of the development lile eyele. The major input, however, should be in
the carly phases of coneept, feasibility, and projeet delinition (in UK
terminology). Changes to the allocation ol tasks alter project delinition
are usually fixes to cover technological shortcomings.

COMMERCIAL CONSTRAINTS

The aflocation ol tasks and functions between human and machine
does not take place in a vacuum. The process of allocation has to rec-
ognize that certain tasks may be allocated as a result ol constraints that
range from technology to politics.
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TECHNOLOGICAL CONSTRAINTS

Technological constraints may include the need to incorporate a par-
ticular picce of equipment hecause the customer has made considerahle
investments in the item and insists that it he incorporated. The technol-
ogy may be required to cope with a small proportion of cases, hut,
since 1t has to he provided anyway, it may have to cover all cases.

ORGANIZATIONAL CONSTRAINTS

There are often considerahle constraints regarding which users within
a customer’s organization have authority to undertake particular tasks.
The organizational constraints within groups ol operators can have a
prolound influence on the allocation process.

POLITICAL AND LEGAL CONSTRAINTS

With changes in legislation and associated commercial responsibility
and accountahility, there are now many more tasks that it is not possi-
ble to allocate to the human component. The increased knowledge ol
toxic suhstances, sensitivity to public opinion, and the fear of litigation
are causing manufacturers to err very much on the side ol caution.
Many tasks that could be donc “better” by humans must now be as-
signed to machines.

COMPATIBILITY CONSTRAINTS

Systems are now so complex and costly that, where possible, the
reusc of existing designs and the increased usc of off-the-shell systems
are the order of the day. It is unusual to start with a blank picce of pa-
per, and so the 1Texibility availahle in allocation ol Tunctions is imme-
diately limited. In addition, the influences ol the “outside system™ tasks
the user must perform will modify the scope for allocation (sce the sec-
tion "What Is the User's Job?" ahove).

RESOURCE CONSTRAINTS

The drivers for the allocation process in many modem systems are
often the skill levels ol personnel availahle to the customer and the
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training time the customer can afford. Training is probably the most
significant aspect that has been poorly represented in any of the tradi-
tional allocation exercises.

In many of the through-life cost calculations, personnel and training
costs can be many times the development and procurement costs. In
these instances, the availability of previously trained personnel and
training courses are beginning to influence the allocation process on the
prime equipment design.

CONCURRENT ENGINEERING

There is a move within industry toward the concept of concurrent
engineering. In the past, great efforts have been made to get the re-
quirements correct and adequately documented in such a way that the
team responsible for the next phase in the system development life cy-
cle could work from it alone. Concurrent engineering is a recognition
that, for the complex systems that constitute modern defense equip-
ment, this approach is no longer possible. The gestation period of mod-
ern systems can be up to 15 years and, with the likely technological
changes, this can cause a need for modification and consequently reallo-
cation. It is essential that each person involved with the development of
the system be aware of the requirements and constraints that apply to
others.

ARE FUNCTIONS TOO BIG TO ALLOCATE?

The traditional human factors texts often show a large number of
steps that need to be followed to apply ergonomics successfully to a
project. These include the following (UK Ministry of Defence, 1989):

system requirements analysis (or mission analysis);
functional analysis;

allocation of functions;

task synthesis;

task description;

task analysis;

etc.

Jordan (1963) attributed the failure to develop a satisfactory method-
ology for allocation of functions to the fault of comparing humans with
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machines. In the majority of cases, the two have to work in a comple-
mentary manner to achieve functional goats successlully. fn modemn
delense systems, the majority ol Tunctions need hoth humans and ma-
chines to undertake complementary tasks.

During the development ol the MANPRINT program for British
Acrospace Dynamics, the scarch has heen Tor a simple, practical frame-
work that can he used for as many diflerent projects as possihle. It has
heen Tound that it can be very difTicult to explain the difference between
a function and a task to engineers who have not heen hrought up in the
human lactors community. Similarly, mission analysis and functional
analysis hlend together to such an extent that considerahle time was
heing spent defining the boundary on a project-hy-project hasis. The
solution that is heginning to he adopted is to remove the term func-
tional and to reler only to missions and tasks.

MANPRINT experience suggests that it is ncarly always tasks that
we allocate when trying to design for the user. Throughout the remain-
der of this paper, the phrase allocation of tasks is used to signily allo-
cation ol Tunction/task and lunction allocation.

THE ALLOCATION PROCESS

There are severe prohlems in trying to apply Fitts-type lists to mod-
ern systems. This as due fargely o the vastly increased capahilities of
machines. When function allocation came into heing as a concept in the
carly 1950s, the allocation of functions between human and machine
was fixed, harring major redesign, very carly in the design cycle. Sys-
tems were relatively simple, and the process of allocation was fairly
ohvious. Many of the carly lists now look like SOTBOs (statements of
the hlindingly ohvious).

The development of the MANPRINT program has revealed that a
different approuch to the allocation prohlem could he heneficial. This
approach consists of identifying those tasks for which a human is
clearly “*hest™ or is required for legal (or other) reasons, and huilding a
coherent joh structure around those tasks. In addition to providing a
sensihle joh content, the determination of an optimal workload is
probably the ctearest single driver for this allocation process.
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WHY DOES THE TRADITIONAL APPROACH
CAUSE DIFFICULTIES?

The traditional approach eauses diffieultics simply because the ma-
ehine eontent of the system has ehanged so much sinee 1951. As high-
lighted in the previous section, hurnans and machines perform tasks in
a complementary manner to fulfil funetions or sub-mission goals.
While these higher-level goals may have an obvious strueture, the indi-
vidual tasks that are necessary to achieve them may not in themselves
have that logieal strueture when taken in isolation. Laughery and
Laughery (1987) make the point that “a funetion ean be viewed as a
logical unit of behavior of a human or machine eomponent that is nec-
essary to accomplish the mission of the system.” When dealing with
tasks, the logical units may not be present. Allocation of these tasks to
cither human or machine purely on the basis of which can do that task
best often results in the human’s being given those tasks that are too
diffieult or expensive to automate.

While maehines ean operate on a task-by-task basis, humans faced
with a random selection of tasks that have little logical connection tend
not to perform very well. The automation represented by the allocation
of tasks to the maehine can remove many of the signposts from the
user's mental model of the process. This, in turn, leads to the user's
inability to provide the resouree of last resort, which is often the reason
for humans to remain included in the automated system.

WHICH TASKS DO HUMANS DO BETTER
THAN MACHINES?

It could be argued that most tasks that ean be elearly specified can
usually be done better by maehine. This is typified by the faet that re-
eently computers have been beating chess grand masters on a regular
basis.

There are many development engineers who believe in automating the
humans out of the system, sinee "people are a problem." Bainbridge
(1987) notes “the ironies of automation.” The first concerns the system
designers' perception of the human operator as unreliable and inefficient
and better replaced by automation, and the sccond leaves the operator to
do the tasks the system designer cannot think how to automate.
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One of the reasons often given for including humans in defense sys-
tems is so that they can make decisions. This usually means making
decisions with insufficient information since, if all the information
were available, the machine would probably reach a correct solution
more rapidly. Hitchings (1992), building on the work of Klein, sug-
gests that, in most time-constrained strategic decision making tasks,
“satisficing” takes place. This process consists of matching the current
problem with one that has been encountered before and activating solu-
tions that appeared to be effective on previous occasions. The user
checks that the responses are in line with his or her predictions. If the
responses are at variance with expectations, a further matching takes
place. This approach to decision making relies on the user’s having an
understanding of how the system behaves. Indiscriminate automation
can mask this essential overview and is one of the prime reasons for the
current MANPRINT approach.

The one area where the human still appears to be better and quicker
than the machine is in image processing. There are still good reasons
for placing humans in such vulnerable situations as military aircraft.
For example, human beings are very good at detecting that something
seems odd. They may not know what is odd or why, but the very rec-
ognition of an inconsistency could be vital in a hostile environment.

BUILDING JOBS

It is becoming more important that the user's mental model of the
system be established early in the design process. If the unique
strengths of the human operator are to be capitalized upon, then the way
the operator perceives the system must be understood. The jobs
(positions, in US parlance).that the operator must perform need to be
designed to ensure that the way the operator views the system results in
the performance of actions the system designer would have intended.
There are two points here: first, the user may view the system in a dif-
ferent way from the system designer; and, second, the user is there to
cope with situations the system designer could not predict.

In many cases, it is better to give to humans tasks that would have
been done better by machine, but without which they would not have a
complete enough picture of the world to perform those tasks that are
their remit. Without constant exposure to the “big picture,” it is doubt-
ful if many of the potential users of modern defense systems will have
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sufficient understanding of the system's inner workings to be able to
intervene successfully in case of either an equipment malfunction or
changes in the environment.

The challenge is to discover how the users visualize the system and
ensure that any action they may take is not at variance with the intent
of the system developers because of their different perceptions of the
system. If there is a conflict, it is salutary to remember that the system
designer may only live with the system for 5 to 10 years, while the
user has it for 25!

WORKLOAD AS THE ALLOCATION METRIC

The foregoing was theory. How do we accomplish allocation of tasks
in practice? First, we assign tasks according to a set of SOTBOs. That
is, we assign those tasks that require the cube roots of a five-digit num-
ber to be calculated within 10 msecs to the machine, and assign the
launching of nuclear ballistic missiles to humans.

Second, we assess what understanding the human needs of the total
system in order to perform his or her tasks correctly and efficiently.
From this, we assess which other tasks the operator could be involved
in that would help to develop and reinforce an adequate mcntal model of
the system. In other words, we assign tasks to ensure that the action the
user performs corresponds sufficiently with the system developers' mod-
els of the system so that a satisfactory outcome is achieved.

Third, the workload on the user must be assessed. It is this step that
should determine which tasks are given to the human component, and it
is also this step that should be the arbiter of which tasks can or should
be the subject of automatic reallocation. (If ease of automation is used
to determine allocation of tasks, situations arise such as that found on
the civil airliner flight deck. Automation of the boring long-haul por-
tions of the route are easiest and have been incorporated in the majority
of modern aircraft. However, this automation takes place when the air
crew workload is negligible anyway. A change of runway on the final
approach or a change to a holding pattern requires the pilot to become a
data-entry operative instead of looking out of the windscreen in what is
clearly a confused situation.)

As stated earlier, much of the work on allocation has been with very
constrained populations and working environments: fast jets, air traffic
control, and nuclear power plants. In most cases, the target audience is
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highly screened and uniform. The work patterns are constrained and of
tixed duration. These circumstances are rare for large numbers of mili-
tary systems that have to be developed under the MANPRINT program.
The variability within most user groups could cause optimal allocation
to change from one end to the other. It can often be necessary to design
systems that will be issued to groups ranging from Armed Forees
Qualification Test categories Cat I to Cat IV.

In addition, when dealing with systems where time on duty can
greatly exceed that seen in cockpits, the change in user performance
with fatigue will also change the optimal allocation for the beginning
and end of a watch period.

The MANPRINT activities that have been undertaken indicate that it
is this optimizing of the workload that should be the driver to the allo-
cation of funetion within any system. What are required are simple
workload prediction tools that ean be used carly and quickly. Many of
the tools that do exist have been designed for very demanding situations
such as the cockpit of a modern fast jet. The preeision being sought for
these tools is neither necessary nor appropriate for the majority of allo-
cation activities beecause of the variability that is to be expected in the
pertormance of the user populations.

ADAPTIVE AND DYNAMIC ALLOCATION

Both dynamic and adaptive allocation systems have been proposed to
avoid the problem of the system designers’ having to make the deci-
sions on allocation between human and machine. Rouse (1981) consid-
ered some of the interesting aspects of dynamic allocation of tasks, par-
ticularly the aspect of who is in control. Does the human delegate
procedural aspects of the job to the machine, or does the machine moni-
tor the human's activities and assume control of those facets that are not
being attended to adequately?

The dynamic allocation techmque currently used most commionly
within defense industries is that of providing default settings. Where
tasks can be performed either by human or machine, the human operato
is given the opportunity to override the default condition 1f the operator
feels she or he has access to better information than the machine. While
this is not a very adventurous approach. it 1s pragmatic and, most 1m-
portantly, it does meet with the approval of the users.
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Dynamic allocation will carry with it a number of quality and safety
problems. In particular, there is likely to be considerable discussion
with the Ordnance Board on how to validate the safety of any system
that changes its mode of control. Audits both for quality and for Failure
Mode Effects & Criticality Analysis (FMECA) will need very careful
consideration and, again, validation. Even then, meeting the standards
required by the Ordnance Board may be very difficult.

THE WAY FORWARD

Developing the British Aerospace MANPRINT program has revealed
that the two crucial formal activities are the preparation of the Manufac-
turer's MANPRINT Management Plan (M°P) and the creation (and
maintenance) of the Concerns Register. The former ensures that thought
has been given to both the management and technical aspects of design-
ing for the user. The second provides a formal record of the problems
encountered, solution paths, and final decisions regarding the way the
problem should be overcome. The Concerns Register has proved in-
valuable on a number of projects, since it contains information on the
underlying assumptions that have been made when selecting a particular
approach. Many of the MANPRINT concerns in modern defense sys-
tems are related to the allocation of tasks between human and machine.
For this reason, a short-term aim has been to modify the Concerns Reg-
ister to ensure that it can capture the factors and the thinking that goes
into allocating tasks to either human or machine. It is also important
that the record of allocation be linked to the best possible description of
the users in question.

A long-term aim is to produce a task database that carries information
on learning difficulty, retention times, etc., with links to specific user
populations. The relative susceptibility of the tasks to fatigue effects
and the human resources needed are also being included in the database.
Figure 3.2 shows where the task database fits into the current develop-
ment of a MANPRINT manpower, personnel, and training trade-off
tool. This project is the subject of a research study within British Aero-
space's Dynamics Division.

Based on tasks analyses of some of the company's systems, a number
of common tasks have been identified. For each of these tasks, efforts
are being made to establish how performance on these tasks will vary
with different user populations. Because of the potential enormity of
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this undertaking, we are confining our task base to those few tasks that
are common to a number of our systems. By constraining the scope of
the database, it is hoped that it will be possible to build directly from
project work and that an assessment of the approach can be carried out
without committing large amounts of funds.

CONCLUSIONS

Allocation of functions (tasks) in complex weapon systems tradition-
ally is done poorly and is often done for the wrong reasons. It is impor-
tant to recognize the uscrs' characteristics and capabilities in the alloca-
tion process.

It is not sufficient merely to assess suitability of tasks for operator or
machine implementation. The operator needs to retain sufficient under-
standing of the system to perform satisfactorily and predictably, while
not being loaded beyond his or her capabilities. The British Aerospace
MANPRINT developments indicate some of the practical solutions to
task allocation and some pointers for futurc attention.
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HUMAN FUNCTIONS AND
SYSTEM FUNCTIONS'

D. Beevis

Typically, funcrion analyses concentrate on the functions
necessary to meet system requirenients; they seldom address
all the functions performed by lumans. Crew functions such
as supervision, monitoring, direction, consultation, and
training are not included in function analyses or in the allo-
canon of functions. The reason is that such human functions
are assumed or are identified only once function allocation
decisions have been made. Yer the performance of these hu-
man functions can have a major influence on the design and
performance of manned systems. As one example, a najor
lman factors engineering contribution to the CP-140 mari-
time patrol aireraft was the crew compartent lavour. The
lavout was predicated on the need 1o produce an effeciive
crew compartment that facilitared crew activities sucl as su-
pervision, task off-loading, assistance, and training. Yet none
of the function analvses produced for the CP-140 systems in-
cluded those human functions. The crew compartment lavout
was established in parallel with the systems engineering ef-
Sorts that established the functional analyses. The approach
to analyzing the compartment requirements and the human
and svstem functions is described. It is concluded that ana-
Ivsts must consider Tuman functions as part of their function
allocation decisions.

(PR . o eqe B . g
Copyright Her Majesty The Queen, in Right ol Canada, as represented by
the Mimister ol National Detence. Reprinted with permission.

63}
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INTRODUCTION

Despite the human focus of ergonomics and human factors, most
approaches to function allocation treat the human as a mechanism, the
abilities of which are comparable to thosc of a machine. A few ap-
proaches have tried to widcn the scope of the function allocation analy-
sis to include specific human nceds. Fitts (1962) raised thc question of
job satisfaction. Clegg, Ravden, Corbett, and Johnson (1989} argued
that function allocation should include human health and safety consid-
crations in the decision. Drury (1994) expanded on this approach to
includc the following factors in the function allocation dccision:

e System effectiveness
errors/reliability
speed
maintainability
weight/size where limiting

e  Systcm efficicney
initial cost
running cost
disposal cost

e Human well-being
safety
health
satisfaction

None of these approaches, however, takes into account the require-
ments of the human resources in a system for interaction, collaboration,
monitoring, supcrvision, training, ctc. Function analyses conccntrate
on the functions necessary to meet system rcquirements independently
of the means of implementation (Beevis, 1992). Human resource func-
tions are not included in the function analyses of a system; they are
assumed or are identified once function allocation decisions have been
made. Revicws of the function analyses of five major military systcms
(aircraft, ship systcms, communication system) selected at random did
not identify any human resource functions such as interaction, collabo-
ration, monitoring, or supervision (Beevis, 1987).

This ncglect of human resource functions is part of a gencral pattern.
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As Edwards (1993) noted, "the balance of ergonomics activities does far
less than justice to the issues of inter-personal relationships in the de-
sign and management of systems.” Yet the performance of the human
resource functions can have a major influence on the design and effec-
tiveness of manned systems. This is reflected in the increasing empha-
sis placed on crew performance by developments such as the adoption of
crew resources management in aircraft operations (Alkov, 1994; Wie-
ncr, Kanki, & Helmreich, 1993). The following case study is offered to
show that human resource functions are important determinants of sys-
tem design, and that the importance of function allocation lies in its
contribution to a larger cycle of iterative analyses.

SYSTEMS ANALYSIS FOR
THE CP-140 AURORA AIRCRAFT

THE CP-140 AURORA PROJECT

The Canadian Forces (CF) CP-140 Aurora Maritime Patrol Aircraft
(MPA) was developcd in the early 1970s to replace the CP-121 Argus,
dating from the late 1950s. The Argus used a tactical crew of nine or-
ganized on the traditional basis of assigning an operator to each major
item of equipment (radar, passive sonar, active sonar, navigation, etc.).
The functional requirement for the CP-140 required "a tactical crew arca
aft of the flight station which shall include accommodations with nec-
essary equipment for sensor station operators, tactical navigator, and
combined routine navigator and communications operator, as directed by
the Department” (Canadian Armed Forces, 1973). Thus, thc functional
specification for the aircraft implied a reduced crew complement and
defined some operator roles.

Proposals received from industry, however, included four different
crew concepts, identified as numbers 1 through 4 in Table 4.1. The
overall level of mechanization was similar for all four proposals. Thus,
the allocation of functions between human and machine did not account
for much variance in the proposals. It was the allocation of functions to
individual crew members that accounted for most of the differences. The
bidders had established their proposed crew complements by assigning
system functions to the individual crew members based on considcra-
tions such as the operator's workload and need for information. The
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human factors analysts had completed the iterative cycle shown in Fig-
ure 4.1 from performance prediction (stage S) back to function alloca-
tion (stage 3) to review the implications of function allocations for
operator tasks and operator workload.

The analyses had been conducted at a fairly gross level. The bidders'
analysis appeared to have been made on the basis of “‘second-level” func-
tion analyses of the form *“conduct radar search,” or “operate passive
acoustic sensors.” This was a deviation from the recommendation that
function allocation be based on system functions analyzed to the third
or fourth level (Beevis, 1992). In using higher-level analyses, two of
the bidders had the benefit of information from existing maritime patroi
aircraft, so they were able to base their designs on existing systems, a
practice noted by Rouse and Cody (1986).

Two bidders did not have such ad hoc information available from ex-
isting products but were believed to have expertise in MPA design
available to them from subcontractors.

As can be seen from Table 4.1, there was general agreement in the
proposals about the allocation of functions for tactical navigation
(TACNAYV) and the operation of the acoustics subsystems (ASOs | and
2). The major differences in allocation of functions arose in the opera-
tion of the radar and navigation systems and the employment of other
nonacoustic sensors. These differences resulted in proposals for tactical
crew complements of six or seven operators, depending on equipment
fit. As might be expected, the differences in function allocation and
crew composition resulted in quite different tactical crew compartment
layouts. Detailed reviews of the proposed crew compartments b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>